To enhance our understanding of the regional hydroclimate in the Central Tibetan Plateau, different types of water samples were collected across the Naqu River basin in the summer (July, August) and winter (January, December) of 2017 for isotopic analysis. With Cuona Lake as the demarcation point, the δ 18 O values of the river water increased initially and then decreased from upstream to downstream along the river's mainstream. In the Naqu River system, a general decrease of δ 18 O values in the trunk stream of the lower reaches (from the head of Cuona Lake) was revealed owing to the gradual dilution of increased isotopically-depleted tributary inflow. Lakes play an important role in regulating runoff and changes in the levels of stable isotopes in rivers or streams. Additionally, the decrease of δ 18 O is controlled by processes involved in the 'isotopic altitude effect'. Larger contributions of winter precipitation in surface runoff at higher elevations would produce higher deuterium excess in stream water. On the regional scale, with Cuona Lake as the demarcation point, one of the clearest findings was that the river/stream's deuterium excess values decreased first and then increased from the south to the north in the summer; but there was a positive linear increase in the winter. From geographical and climatological perspectives, the changes of deuterium excess could result from increasing effects of summertime, and the generation of continental/local recycled and monsoonal water vapor in the surface runoff northward. The study area is at the critical transition between the Indian monsoon system in the South and the Northern belt of the westerlies, as revealed by the intermediate deuterium excess values. KEYWORDS: δ 18 O and δD, hydrological cycle, water vapor sources, isotope-altitude relationship izing hydrological and ecological patterns and processes 4 . Because of fractionation driven by various hydrological and ecological processes, the composition of stable isotopes in environmental waters has changed 5 . At the forefront of isotopic hydrology research, much emphasis has been placed on spatiotemporal variability of water isotopes in the Indus 6 and the Ganges headwaters 7 to determine surface runoff generation, moisture sources, and controls of environment and geography on precipitation. Yang et al found close hydrological relationships between rivers, thermokarst lakes and degrading permafrost in the Beiliuhe River Basin of the TP by using stable water isotopes 8 . By investigating the temporal and spatial variations of δ 18 O, δD and deuterium excess (d-excess) values of river water and their relationships with climatic and geographic parameters, and by inverse trajectory analysis of water vapor sources, www.scienceasia.org
INTRODUCTION
The Tibetan Plateau (TP) is often called the 'Third Pole' or the 'Water Tower of Asia' and is the source of many large Asian rivers, such as the Yangtze, Yellow, Lancang and Nujiang rivers 1 . Hydrological changes on the TP are critical to the security of freshwater resources in these rivers. As the only mid-latitude permafrost region, the TP is considered more sensitive to climatic warming than higher latitude Arctic regions 2 .
At present, the integrated application of isotopes and hydrochemical tracers has become an effective method for studying complex hydrological processes of multiple spatio-temporal scales 3 . The application of water stable isotopes (δ 18 O and δD) is progressively valuable as natural tracers of the hydrologic cycle in remote regions. Meanwhile, these stable isotopes are important for character-the effects of altitude and climatic parameters on the temporal and spatial variations of river water isotope values were clarified 9 . The main hydrological processes along the river were determined and the isotope response to flow variation was evaluated 10 .
In contrast, there were only few studies reported in the Nujiang River headwater region with stable isotopic tracers even though the region is geographically significant in hydrology, regional geology and climatology. To date, the systematic changes of stable isotopes in surface waters and precipitation in the Himalayas and on the TP have been specifically s tudied t o d educe t he t ransport range of Indian summer monsoon water vapor flux 11 . Data from the Himalayan front showed an obvious reverse correlation with altitude, and its lapse rate (0.29 /100 m for δ 18 O) was nearly equal to the global calibration of 0.28 /100 m 12 . In this research, a variety of water samples (such as those from river, stream, lake and reservoir waters) were collected in the Nujiang River headstream region (Naqu River basin) in January, July, August and December 2017. The results of this seasonal stable isotope hydrology study were used to determine: (1) the patterns of isotopic variation in these waters and the corresponding dominations, and (2) the hydrological processes upstream of the Nujiang River and the regional water vapor sources. Isotopic data of stream/river waters in this area were collected to propose a baseline of isotopic systematics with seasonal variations of water vapor sources and isotopealtitude correlations of stream/river waters.
GEOGRAPHY AND CLIMATE
The Nujiang River flows f rom t he c entral TP (Fig. 1a ), extending 2000 km and covering a watershed area of 137800 km 2 in China. The headstreams of the Naqu River are located in the hinterland of the TP and are situated between the Tanggula Mountains to the north and the Nyenchen Tanglha Mountains to the south (Fig. 1a ). The Tanggula Mountains, which range from east to west along the latitude of 32-33°N, making the study site a transitional zone in the precipitation system between the north and south of the TP 13 . This river finally derives from the glacier on the southern slope of the Tanggula Mountains ( Fig. 1a ), which has a range of altitude between 5000 and 5800 m above sea level (a.s.l.).
This study was conducted in the Naqu River basin, which is the source of the Nujiang River, located in the hinterland of the TP (Fig. 1a ). The area of the total watershed covers 16967.4 km 2 , and the elevation of the watershed ranges from 4140 to 5897 m a.s.l. (Fig. 1a ). The upper Naqu River flows approximately to Amdo City (Fig. 1b) , and the tributaries primarily include the Lariqu, Sangqu, Chengqu, Mugequ, Gongqu and Luoqu. One large outflow lake, Cuona Lake, is located immediately north of the Naqu River (Fig. 1b) . The mean elevation of this region is more than 4500 m a.s.l. Since the Himalayas obstruct water vapor transport from the Indian Ocean to the south, and the Karakoram and Pamir mountains obstruct water vapor transport from the Mediterranean and the Atlantic Ocean to the west, a semi-arid climate is mainly found in this region.
The study area experience cold and dry continental alpine climate with a mean annual air temperature of −0.6°C and annual mean precipitation of 477.8 mm. The average summer and winter temperatures are 9.7°C and −10.7°C, respectively. The peak temperatures occur in July and August, and the monthly mean air temperature is above 0°C from May-September. Precipitation events that occur from June-September account for 80% of the total annual precipitation, and the highest precipitation occurs in July and August. During the freezing season from November to April, the total precipitation is normally less than 5 mm, and the river channel usually contains no liquid water for sampling.
SAMPLING AND ANALYTICAL METHODS
A variety of water samples were collected during a synoptic investigation in January, July, August and December 2017 across the headwater region of the Nujiang River (Naqu River basin). Three lake water samples were obtained at Cuona Lake ( Fig. 1b ). We collected 83 river water samples from the Naqu River and its tributaries (river/stream) from Amdo to Nagqu along National Roads 109 and 317, conducting a roughly north-to-south vertical section (covering approximately 3 degrees of latitude; Fig. 1b ).
All water samples were collected in 50 ml highdensity polyethylene bottles and stored at cool temperatures until analysis. The δ 18 O and δD values in all water samples were determined by cavity ring down laser spectroscopy (CRDS) using an L2130-i Picarro water isotope analyzer. For δ 18 O and δD measurements, the analytical precision was ± 0.025 and ± 0.1 , respectively. The isotopic values of water were reported as per mil ( ) unit relative to the standard Vienna Standard Mean Ocean Water (VSMOW) 5 , Refs. 14, 15 ) . The global meteoric water line (GMWL) is a valuable reference line for comprehending the spatial variability in the evaporation effect and precipitation isotopes based on the deviation from the line 16 . Surface waters and precipitation are commonly near the GMWL, normally with a lower slope owing to surface evaporation and subcloud evaporation of precipitation. The deuterium excess, (d-excess = δD −8δ 18 O) 17 of precipitation with a global mean of 10 , reveals kinetic isotopic fractionation in the moisture source region (as a function of temperature, relative humidity and wind speed) and interaction or mixing of moisture along the water vapor trajectory 18 . The d-excess decreases when subcloud/surface evaporation occurs and increases when moisture is recycled 19 , with precipitation originating from continental/local evaporation and recycled water vapor having high d-excess values across the TP and the Himalayas. Because of the high relative humidity over the water vapor source area (e.g., Bay of Bengal), the weighted-mean d-excess of monsoon precipitation in the summer is 4-6 on the northern slopes of the central Himalayas and in the southern TP 20 .
RESULTS
There was a range in δ 18 O and δD values in the water samples (including lake, reservoir, river and stream) across the Naqu River basin. For δ 18 to −81 with an average of −107.8 . The d-excess ranged from −9 to 13 with an average of 5.6 . The value of mean d-excess was remarkably lower than that of the global mean. Processes in moisture transport/rainfall (e.g., mixture of different summertime moisture) and generation of surface runoff (e.g., mixture of various seasonal precipitation) may cause confusion about the original source of the moisture.
Lake water was the most isotopically abundant with an average of −9.3 for δ 18 O, and water from sampling site 1, collected in January from the Lariqu River in the most northern part of the study area, was the most isotopically depleted with δ 18 O of −17 . This may be due to the fact that the collected water samples were located at the source of the river, i.e., from mountain springs. Since these sampling points were relatively high in elevation and samples were taken during low winter temperatures, the stable isotopes in the river had hardly experienced evaporation fractionation. Three lake water samples deviated significantly from the GMWL in Fig. 2 , whereas most of the other waters obtained from the Naqu River basin fell below the GMWL on the right-down side, showing the significance of evaporation due to the long-term residence time of surface water.
DISCUSSION

Stable isotopes in surface waters
Water in rivers and streams may come from precipitation and/or groundwater, depending on the amount of recent precipitation and the size of the basin 21 . As shown in Fig. 2 , the δ 18 O and δD of river waters in summer yielded a surface water line (SWL) of δD = 6.35δ 18 O − 16.44 (R 2 = 0.89, n = 50), which is close to the winter one of δD = 5.39δ 18 O − 33.54 (R 2 = 0.97, n = 36). All the summer and winter data points defined a S WL of δD = 5.94δ 18 O − 23.54 (R 2 = 0.90, n = 86) and its slope is close to that for the Naqu River basin 22 of δD = 5.70δ 18 O − 30.12.
The slopes and intercepts of these SWLs are lower than those of the GMWL, which suggested that stable isotopes in the river experienced a strong evaporation fractionation effect. At the same time, the slope and intercept of the surface water line in the winter are lower than those in the summer. This shows that the stable isotopes in the river water in the winter were more enriched than those in the summer. Being different from precipitation, surface waters may undergo multiple processes to change the relationship between the δ 18 O and δD (e.g., post-depositional snow processes and evaporation). For instance, snowmelt has not been significantly affected but refreezing lead to a lower slope 23 . Therefore, the gentle slopes might be due to snowmelt or refreezing. Evaporation can also affect the slope because a lower slope can be found in residuary waters 24 . As shown in Fig. 2 , samples were normally divided into near to or below the GMWL. The combination of water samples produced gentle δ 18 O-δD slopes, which were on the lower-right side (below the GMWL, with lower d-excess and δ 18 O). Furthermore, this result confirmed the negative correlations between δ 18 O and d-excess, while the slopes were −1.65 (R 2 = 0.36, n = 50, p < 0.001) in the summer and −2.61 (R 2 = 0.87, n = 36, p < 0.001) in the winter. Owing to the fact that surface water eventually comprises of diverse mixtures of precipitation in diverse seasons during runoff formation, river waters with relatively low δ 18 O and d-excess most likely corresponded to relatively greater effects of summer monsoon precipitation, whereas those with greater d-excess and δ 18 O most likely corresponded to larger contributions of winter precipitation.
At the identical sampling site on the main stream, the winter δ 18 O values were consistently greater than those in the summer (e.g., Nagqu, −11.9 , −12.0 in the winter and −12.3 , −14.2 in the summer). This difference might be because the stable isotopes in precipitation of the basin observed are primarily dominated by diverse seasonal circulation models. When dominated by the Indian Ocean monsoon in the summer, the isotopic values are lower, with frequent fluctuations; particularly in the spring or winter when the continental air masses dominate the basin, which usually lead to greater values 25 .
The d-excess values in precipitation present a clear transition at Nagqu because of the location in the central TP. In the summer, the low d-excess values in precipitation are generally due to southern water vapor transport, which is mainly from the hot and humid Indian Ocean. In the winter, d-excess values in precipitation are generally higher because this region is controlled by westerlies and a northern air mass, which is cool and dry 26 . A value of 10 for d-excess can distinguish between evaporation under humid (below 10 ) and dry (above 10 ) climatic conditions 13 . The similar stream water dexcess in the winter (4.2 ± 5.9 ) and the summer (6.7 ± 4.6 ) was one of the most obvious findings for the Naqu River basin. Although these values are Therefore, the vertical lapse rates of stream water δ 18 O in the Naqu River basin (0.24-0.69 /100 m) are higher than the global mean value. The stable isotopes of river/stream waters are affected by hydrological and climatic conditions in the upper reaches of the river basin. We studied the relationship between δ 18 O and watershed elevation of water samples to assess the topographic impacts, and a significant correlation was observed for the waters in the winter but the correlation coefficient was not large. The values of δ 18 O decreased gradually with the increase of elevation in the winter. This result suggested that the δ 18 O pattern in Fig. 3 was dominated by processes of the isotopic altitude effect in the winter but it was not the most important factor. Due to the altitude effect to precipitation δ 18 O, greater effects of winter precipitation in the formation of surface runoff at lower altitudes would increase extra isotopic abundance in stream waters. Such a phenomenon is obviously more significant for high-elevation regions (> 4000 m a.s.l.) based on their larger δ 18 O lapse rates 27 .
For δ 18 O, the correlation was poor with altitude in the summer. The following reasons might explain the poor correlation. Obvious differences occurred in the recharge types of rivers in different areas of the basin. The impact of precipitation may also be one of the reasons. Although precipitation recharge is the primary factor during the monsoon season, differences occurred in different reaches of the river. Sites in the lower reaches of the river were affected not only by local precipitation but also by precipitation from the upper reaches.
At gradually colder temperatures of condensation, Rayleigh fractionation of an air mass leads to dexcess in precipitation to increase with altitude 21, 28 . Decrease in distance between the cloud base and ground at high altitudes may also increase d-excess in precipitation because of the decreased subcloud evaporation of raindrops 29 . The increase of dexcess in precipitation/surface water with altitude was proven on the windward slope of the Andes 28 , in Antarctica 30 , on the Himalayan front 6 and in the central TP (Nagqu to Tanggula Mountains) 25 . It lower than the global mean value of 10 , they are similar to those from the north of the Himalayas to the south of the Tanggula Mountains (5.3 ) 25 , which are relevant to the westward transport of water vapor and low temperatures during precipitation. In the central TP, rivers and streams are primarily composed of snowmelt and precipitation in the summer, and base flow and precipitation in the winter. High d-excess of stream water most likely represented the isotopic characteristic of precipitation in the winter and snowmelt in the summer. The medium d-excess values of river waters in summer signified the mixture between glacier melt and monsoonal rainfall.
Altitudinal variability in δ 18 O and d-excess
When an air mass is topographically uplifted and adiabatically cooled, a negative correlation is observed between precipitation δ 18 O/δD and elevation. The vertical lapse rates of δ 18 O in precipitation/surface water reveal a global calibration of also demonstrated positive correlations between dexcess and catchment altitude, either in the summer or in the winter for river waters of the central TP (Fig. 4) . Their vertical lapse rates were 1.90 /100 m (R 2 = 0.45, n = 49, p < 0.001) in the summer and 2.53 /100 m (R 2 = 0.52, n = 34, p < 0.001) in the winter. The total lapse rate was 2.18 /100 m (R 2 = 0.45, n = 83, p < 0.001). This phenomenon indicates that post-precipitation played a dominant role, with the increasing role of summer and winter precipitation in the formation of surface runoff with altitude. Larger contributions of summer and winter precipitation in the surface runoff at higher elevations would produce higher stream water d-excess.
North-south variability in d-excess and implications for water vapor sources
Tian et al 31 discovered an obvious division between monsoon precipitation and non-monsoon precipitation on the TP because of the varieties of δ 18 O in precipitation in the summer and the winter. The division was coincident with the Tanggula Mountains and showed the northerly extension of the Indian Ocean monsoon. The area under investigation was located in the central TP, south of the Tanggula Mountains, and the d-excess values in precipitation presented a pronounced change at Nagqu due to its central location 26 .
The water vapor of the TP originates from three sources: the westerlies, Indian monsoon and local recycling. There are relative proportions of each change on spatial and temporal scales. Previous research indicates that the TP can generally be di-vided into three regions: Indian monsoon (southern TP), westerlies (northern TP) and the transitional zone in between 11 . The monsoonal water vapor is dominant in the central TP in summer, however the westerlies are more crucial in the north and west, leading to systematic variability of latitude and longitude in water stable isotopes 32 . These sources bring into correspondence with the isotopic patterns in the northern TP. Therefore, Tian et al 33 postulated that this area is dominated by the westerlies and that the monsoonal water vapor can arrive at the northern TP only by violent atmospheric activities.
Yao et al 34 noted that when the marine air mass reaches the northern TP, the δ 18 O value of the moisture is small due to precipitation fractionation processes. Thus, when precipitation is formed by an oceanic air mass, the δ 18 O value of the precipitation samples is definitely small. However, the precipitated moisture primarily originates from local evaporation in the interior of the plateau before the ocean air mass reaches the TP. Rivers and lakes are the main sources of local evaporation on the plateau 35 . In the northward of the TP, the fact is that southwest winds also carries moisture of the Indian Ocean from the Bay of Bengal through the Bulamaputela River valley-Yarlungzangbo River valley from the south of the TP to the interior of the plateau 36 .
The spatial variability of water stable isotopes at large scales usually provides sufficient evidence for regional variations in water vapor sources 21 . As shown in Fig. 5 , trends of south-north variation of dexcess were apparent. The d-excess decreased (R 2 = 0.23, n = 32, p < 0.01) farther to the north near 31.8°N latitude but progressively increased (R 2 = 0.48, n = 17, p < 0.01) farther to the north in the summer, with the changes caused by regional variations in moisture sources 37 . It demonstrated positive correlations between d-excess and catchment latitude in the winter (R 2 = 0.15, n = 34, p < 0.05) for river waters from the south to the north. Therefore, the Naqu River basin is probably at a critical geographical transition between the south and the north.
The d-excess usually changes gradually in two parts at the division near Cuona Lake in the summer, and the evaporation of lake water is one of the sources of water vapor, which is greatly reduced in the winter. These can be explained by the increasing contributions of summer-time continental/local recycled moisture and northward monsoonal moisture, although it is difficult to identify the ultimate source(s) at this present stage (i.e., local recycled, westerlies or north-derived). Therefore, the influence of lake water on the source of water vapor in the summer is greater than that in the winter. In the Himalayas and the southern TP, summer monsoon precipitation has d-excess values lower than 10 (with average values of 4-6 ) due to the high humidity over the oceanic source region and convection along the trajectory 27 . If the weighted-average d-excess of winter precipitation at Lhasa (15.2 ) represents the westerly value 38 , the d-excess values in the Naqu River basin (mean of 7.0 , in the summer) were intermediate between the monsoon and westerly values. However, the extremely high d-excess values of the stream waters near Tanggula Mountains (Fig. 5 , sampling site 1, 12.9 in January, 13.0 in July, 12.5 in August and 12.8 in December) probably indicate the predominance of the continental recycled moisture in that region. These data thus confirm the geographical transition of the Naqu River basin between the monsoon system in the south and the westerly one in the north.
Hydrological processes along the Naqu River
Some waters in the trunk stream and tributaries of the Naqu River system fall close the GMWL in Fig. 2 . This result indicated that although the climate at the locations of the sampling site was semiarid, evaporation is not essential because of the rapid stream, owing to the steep altitude gradient and low temperatures 36 .
Most of these studies show that river δ 18 O is generally on the rise with distance from their river source, which is due to the cumulative effect of evaporation as water flows downstream and the altitude effect of precipitation isotopes in the basin 10 . As shown in Fig. 6 , on the basis of the distributions of the sampling sites and the isotopic values along the river's mainstream, the δ 18 O of the river water increased initially and then decreased from upstream to downstream, with the highest δ 18 O values observed in Cuona Lake (sampling site 4). This result was probably caused by slight evaporation from the open water because some flow-through lakes occur in the basin (the largest one is Cuona Lake, Fig. 1b ) and then obtain relatively enriched precipitation in the southern part of the basin. Moreover, the δ 18 O values in the trunk stream were relatively greater than those in the tributaries at the same elevation.
There was a large flow-through lake (Cuona showed more depleted signals, the outflow δ 18 O (sampling site 5, −10.3 in January, −9.7 in July, −10.9 in August and −11.1 in December) were obviously greater than those upstream (sampling site 3, −16.0 in January, −13.1 in July, −15.2 in August and −16.0 in December), presumably because water passes very slowly through this lake and the stream influx exerts minimal isotopic influence on main flows. Downstream from this flowthrough lake, dilution from tributary inflow is obviously the primary reason of the gradual depletion in the isotopes of trunk stream. In the lower reaches of the lake, it exhibits a characteristic downstream decrease in δ 18 O, which is opposite to the anticipated pattern owing to the altitude effect on precipitation isotopes and the cumulative effect of evaporation as water flows downstream. For instance, nearly all the δ 18 O values in the stream influx are lower than those in the main flow at the same distance. Therefore, isotope dilution in tributary inflow was the major hydrological process along the downstream Naqu River. From the spatial variation, due to the influence of basin elevation, the scale of the catchment area and the lake water, the isotopic compositions and fluctuation amplitudes upstream are lower than those downstream 22 . Additionally, Cuona Lake plays an important role in regulating runoff and changes of stable isotopes in the river or stream. These suggest that the increase around 32°N may be due to the enhanced hydrological significance of lake because its abundance is highest near the same latitudes.
Most of the geographic and climatic regions, from the source to the continental basin scale, showed attenuation of isotope signals from precipitation to water flow, confirming the large amount of water storage and mixing of water during runoff generation 39 . It should be noted that because of the spatial extent of the sampling campaigns and associated logistical challenges, the temporal variability along the transect inevitably remains somewhat uncertain.
CONCLUSIONS
This paper states δ 18 O and δD data of waters in the Naqu River basin of the central TP. Along the river's mainstream, the δ 18 O of the river water increased initially and then decreased from upstream to downstream, and the highest δ 18 O values were observed in Cuona Lake. In the Naqu River system, a general decrease of δ 18 O in trunk stream of the lower reaches (from the head of the Cuona Lake) was revealed owing to the gradual dilution of more Lake, 23 km long and 8 km wide) in the main channel. Although the stream influx of this lake isotopically depleted tributary inflow. Lakes play an important role in regulating runoff and changes of stable isotopes in the river or stream. At the regional scale (with Cuona Lake as the demarcation point), the river/stream d-excess decreased first and then increased from south to north in the summer; but there was a positive linear increase in the winter. These may be due to increasing contributions of summer-time continental/local recycled moisture and monsoonal moisture northward. The processes of the 'isotopic altitude effect' controlled the δ 18 O pattern, but it is not the most important factor. Greater contributions of summer and winter precipitation in the formation of surface runoff at higher altitudes contributed to altitudinal increase in stream water d-excess and greater vertical lapse rates of stream water δ 18 O. Data revealed that the Naqu River basin is at the transition between the westerly system in the north and the monsoon one in the south. Further investigations into long-term variation of isotopes in precipitation and surface water will improve interpretations of the hydroclimate in this region.
